The protein elastin is responsible for the characteristic elastic properties of many tissues including skin, lung, and large blood vessels. Elastin is secreted from the cells as a soluble monomer, tropoelastin. It is believed that tropoelastin is associated with several other proteins such as microfibrils, and then it cross-links with other tropoelastin molecules when activated by lysyl oxidase to form elastic fibers.
Tropoelastin expression is modulated by a number of factors, including transforming growth factor-beta (TGF-beta), 2) insulin like growth factor, 3) interleukin-1, 4) epidermal growth factor (EGF), 5) and minoxidil. 6) However, the mechanism regulated by NO remains unknown.
In atherosclerotic plaques, mature elastic fibers are degenerated, and there are decreased amounts of cross-linked amino acids, such as desmosine or isodesmosine, produced by lysyl oxidase. 7) As a result, the elastic properties of the aorta were decreased due to the increased disorder of the system. Recently, mice that lack elastin underwent subendothelial cell proliferation and reorganization of SMCs, both of which are similar to processes seen in cases of atherosclerosis. 8) The data indicated that elastin exerts a regulatory function during arterial development; in particular, elastin controls cell growth in SMCs. Thus, it is important to investigate the mechanisms controlling elastin expression, including chemical factor, hormones, and cytokines in SMCs.
Nitric oxide, an endothelium-dependent relaxing factor, is continuously produced by NO synthase in the endothelium. 9) In addition, NO regulates platelet adhesion and aggregation, 10, 11) leukocyte recruitment and activation, 12) and cytokine-induced endothelial cell activation, 13) as well as vascular smooth muscle cell apoptosis, 14) proliferation, 15) and migration. 16) Endothelial dysfunction causes decreased NO release, resulting in a shared process involving the pathogenesis of vascular diseases, including atherosclerosis, and neointima formation after angioplasty. [17] [18] [19] It is possible that NO is associated with atherosclerosis in elastic fiber formation as well as in cell proliferation and migration.
In the present study, we investigated whether or not GSNO, an NO donor, 20) upregulates elastin expression, as assessed by Northern blot analysis and metabolic labeling. We suggest that the upregulation by GSNO of tropoelastin expression is due to PKG. In this report, we clarify the NOcontrol mechanism governing the expression of elastin. Cell Culture and the Effect of GSNO on Cell Proliferation Chick aortic smooth muscle cells were isolated from 20-d-old chick embryonic aortae by serial enzyme digestion with bacterial collagenase (Wako) and pancreatic elastase (Sigma), as previously described. 21) Cells were seeded at a density of 2.1ϫ10 5 cells/cm 2 in 35 or 100-mm-diameter culture dishes (Falcon Plastics); cells were grown to confluent density in DMEM supplemented with 10% FBS.
MATERIALS AND METHODS

Materials
Confluent cells were incubated with serum-free DMEM for 48 h to induce the G 0 phase, and then were treated with 0, 1, 10, and 100 nM GSNO for 24 h in the absence or presence of bovine serum. Treated cells were harvested by trypsin (0.25%) treatment. The cell number was counted by a Burker-Turk hemocytometer.
Metabolic Labeling and SDS-PAGE Confluent cells were cultured with FBS-free DMEM for 48 h to induce the G 0 phase, and then were treated with various concentrations (1-100 nM) of GSNO for 24 h in 10% FBS-DMEM or FBSfree DMEM. The cells were labeled with 25 mCi/ml of [3, H] valine for the final 6 h of treatment in valine-free DMEM. The protein in the culture medium was precipitated with ammonium sulfate (176 mg/ml) in the presence of pro-tease inhibitors, 1 mM EDTA, NEM, and PMSF, and then was centrifuged at 10000 g for 20 min at 4°C. The proteins from the cultured medium were separated on 2-15% SDS-PAGE under the condition of reduction with 1 mM DTT. Samples were then subjected to fluorography. Fluorograms were scanned with a densitometer. Tropoelastin synthesis was evaluated by the ratio of tropoelastin to total proteins. RNA Isolation and Northern Hybridization Cultures were washed twice in PBS, and cells were lysed in 4 M guanidine isothiocyanate containing 25 mM sodium citrate and 0.1 mM beta-mercaptoethanol. RNA was isolated by extraction in phenol/chloroform. For the Northern hybridization analysis, 10 mg of total RNA was denatured in glyoxal and DMSO at 50°C for 1 h and samples were separated by electrophoresis on 1% agarose gels. RNA was passively transferred to nylonreinforced nitrocellulose membranes (Schleicher & Schuell). The membranes were hybridized to 32 P-labeled probes for chick tropoelastin, lysyl oxidase, or beta-actin, which were prepared with rediprime TM II, a random prime labelling system (Amersham). Chicken elastin (pTE2) 22) and beta-actin (pA1) 23) were used as cDNA for 32 P-labeled probes. 300 bp of chick lysyl oxidase cDNA 24) were amplified by Reverse Transcriptase-Polymerase Chain Reaction with a sense primer (5Ј-ACGGACGATAACCCCTACTACAACT-3Ј) and an anti-sense primer (5Ј-CGCACTATGTTGTTGGAGTAAT-CAG-3Ј). The filters were washed first in a medium with a stringency of 2ϫSSC/0.1% SDS, and then in 0.1ϫSSC/0.1% SDS kept at 65°C for 60 min. The filters exposed to X-ray film (Kodak) at Ϫ80°C with an intensifying screen (Kodak). The autoradiograms were scanned with a densitometer. The mRNA expression of tropoelastin and lysyl oxidase was normalized by that of beta-actin.
RESULTS
GSNO Inhibited Cell Proliferation
To confirm the effects of GSNO on SMC proliferation in FBS-DMEM or FBS-free DMEM, quiescent cells were treated with GSNO for 24 h in the absence or presence of bovine serum. Administration of GSNO (100 nM) in growth medium inhibited serum-stimulated cell proliferation by 50%, whereas GSNO in FBS-free DMEM had no effect on the number of cells observed. (Fig. 1) . Under these two different conditions, cytotoxicity was not detected (data not shown).
GSNO and 8-Br-cGMP Enhanced Tropoelastin Protein Synthesis
The changes in tropoelastin protein synthesis in SMCs brought about by drug treatment were detected by SDS-PAGE following a metabolic labeling assay with [ 3 H] Valine. Immunoblotting analysis using monoclonal antibody for tropoelastin revealed that the bands, which indicated with an arrow, are related to tropoelastin. 25) Moreover, we previously reported that bands of tropoelastin were confirmed by incorporations of radiolabeled cysteine and valine, but not incorporations of radiolabeled mannose, glucose, and methionine. 26) Since complete amino acid sequence deduced from chicken cDNA demonstrated that tropoelastin has no sugar moiety nor methionine residue and has two cysteine residues only near the carboxyl-terminal end. 22, 27, 28) In the absence of fetal bovine serum, tropoelastin protein synthesis was stimulated by GSNO in concentrations ranging from 1 to 100 nM (Figs. 2A, B) . As was the case in the presence of serum, tropoelastin protein concentrations in SMC also increased due to treatment with GSNO (Figs. 2C, D) . NO elevates cGMP levels by activating guanylate cyclase in affected cells. In order to examine whether or not cGMP was able to regulate elastin synthesis, cells were exposed to 8-Br-cGMP. Treatment with 8-Br-cGMP did enhance tropoelastin synthesis (Fig. 3) .
GSNO Stimulated Tropoelastin and Lysyl Oxidase mRNA Expression Tropoelastin and lysyl oxidase mRNA expression, as assessed by Northern blot analysis, were stim- ulated by GSNO in concentrations ranging from 1 to 100 nM in the presence of FBS. Tropoelastin and lysyl oxidase mRNA concentrations increased about 1.4-fold and 4.5-fold, respectively, after 24-h exposure to 100 nM GSNO (Fig. 4) .
Effect of GSNO on Tropoelastin Synthesis was Due to cGMP-Dependent Protein Kinase Activation
In order to examine whether or not GSNO increased tropoelastin protein synthesis through the intermediary of PKG activation, a specific PKG inhibitor, KT5823, was used. A combination of KT5823 with GSNO attenuated the increase in tropoelastin, while treatment of GSNO (100 nM) stimulated tropoelastin synthesis, although administration of KT5823 (250 nM) alone showed increased tropoelastin synthesis (Fig. 5) .
DISCUSSION
GSNO appears capable of stimulating elastin synthesis and mRNA expression in both experimental conditions, included in the present study, namely, in the absence and presence of FBS. However, GSNO inhibited cell proliferation of cells cultured in the presence of FBS and it had no effect on the number of cells cultured in the absence of bovine serum. Several reports have demonstrated that modulation of elastin synthesis by EGF, 5) high potassium salt, 25) or minoxidil 6) is inversely associated with cell proliferation. However, the upregulation of tropoelastin synthesis due to GSNO differs among the existing reports. It thus appears as if NO regulates tropoelastin synthesis by mechanisms other than by the upregulation of tropoelastin. In most studies of the antiproliferative effect of NO on smooth muscle cells, the process was mediated via a cGMPdependent pathway. 15, 29) In a previous report, cGMP analog was shown to enhance tropoelastin synthesis in cultured fetal bovine ligamentum nuchae. 30) We confirmed that 8-Br-cGMP also has the capacity to upregulate tropoelastin synthesis in chick aortic smooth muscle cells. Moreover, KT5823 blocked GSNO-induced upregulation of tropoelastin, thus suggesting that GSNO activates PKG to enhance this synthesis. We have demonstrated that PKG activation is an important role on such upregulations due to GSNO. In general, the upregulating effects of NO on tropoelastin synthesis appears mediated by a cGMP-dependent mechanism which includes PKG.
In this study, we discuss GSNO stimulation of mRNA expression of lysyl oxidase as well as that of tropoelastin. Our results suggest that NO release increases the expression of both tropoelastin and lysyl oxidase. Tropoelastin crosslinks via lysyl oxidase, thus forming elastic fiber. As a probable result, NO may easily accelerate elastic fiber formation in the aorta. Because elastin biosynthesis plays a crucial role in maintaining tissue elasticity, the genes regulated by NO are important for persevering aortic function. A previous report demonstrated that cAMP stimulates the expression of lysyl oxidase in adult SMCs and inhibits the proliferation of SMCs. 31) These observations were confirmed by experiments including the addition of TGF-beta. 32) In addition to the effects of GSNO treatment, the inverse relationship between lysyl oxidase gene expression and cell proliferation is consistent with the findings of this and previous reports.
Endothelial dysfunction attenuates NO release, resulting in vascular diseases such as atherosclerosis. 17) It is possible that degeneration of elastic fiber formation is due to declining NO release. Mice that lack elastin gene undergo subendothelial cell proliferation and reorganization of smooth muscle. 8) Thus, elastic fiber formation was shown to regulate the proliferation of SMC in the development of atherosclerosis. In this present study, it suggests that increase of tropoelastin and LO mRNA expression by NO may cause increase of the elastin cross-linking processes in the aorta and may inhibit the developing arterial disease such as atherosclerosis.
